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AQTESOLYV

A Program for
Automatic Estimation of Aquifer Coefficients

From Aquifer Test Data

By:
Glenn M. Duffield
and
James O. Rumbaugh, III
Geraghty & Miller Modeling Group
1895 Preston White Drive, Suite 301
Reston, VA 22091
(703) 476 - 0335
AQTESOLYV is a user-friendly program de51gned to
analyze data from aquifer tests automatically. Aquifer
coefficients for a variety of aquifer test conditions can
be estimated by AQ TE S O LV , 1nclud1ng the following:

o conflned aquifers, unconfined aquifers,
- and leaky aquifers

o pumping tests, injection tests, recovery tests,
and slug tests
Features:
o Interactive, menu-driven program design
o Nonlinear least-squares estimation of aquifer coefficients

o Statistical analysis of results -
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BOUWER-RICE MW-101
slugtl
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0.003 0.92 1
0.007 0.88 1
0.01 0.85 1
0.013 0.82 1
0.017 0.8 1
0.02 0.7 1
0.023 0.76 1
0.027 0.73 1
0.03 0.71 1
0.033 0.7 1
0.05 0.61 1

0.067 0.54 1.
0.083 0.48 1
0.1 0.43 1
0.117 0.39 1
0.133 0.35 1
0.15 0.32 1l
0.167 0.29 1
0.183 0.26 1
0.2 0.23 1
0.217 0.21 - 1
0.233 0.19 1
0.25 0.17 1l
0.267 0.16 1
0.283 0.15 1
0.3 0.13 1
0.317 0.12° 1
0.333 0.11 1
0.417 0.07 1
0.5 0.05 1 '
0.583 0.04 1
0.667 0.02 1
0.75 0.01 1
0.833 0.01 1
0.917 0.01 l

1 0.01 1
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BOUWER-RICE ANALYSIS MW-102
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BOUWER-RICE ANALYSIS MW-103
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»Estimationlof Free Hydrocarbon Volume from
Fluid Levels in Monitoring Wells

by R. J. Lenhard and J. C. Parker®

ABSTRACT

Under the assumption of local vertical equilibrium,

. fluid pressure distributions specified from well fluid levels
in monitoring wells may be used to predict water and
hydrocarbon saturation profiles given expressions for air-
water-hydrocarbon saturation-pressure relations. Vertical
integration of the oil-saturation profile yields the actual oil
volume in porous media per unit area adjacent to the well.
Three-phase fluid distributions are predicted using a
scaling procedure which requires knowledge of two-phase
air-water saturation-pressure relations, hydrocarbon density,
and hydrocarbon surface tension. Air-water saturation-
pressure relations are parameterized by either the Brooks-
Corey or van Genuchten expressions. Parameters in the
models are estimated from grain-size dxstrxbutxon data for
two hypothetical soils.

Results reveal that whereas the distance above an oil-
water table at which oil saturations become zero may be
independent of soil type, estimated light nonaqueous phase
liquid (LNAPL) volumes per unit area may differ substan-
tially. Hence, estimates of LNAPL volume cannot be
inferred directly from soil LNAPL thickness or well LNAPL
thickness data withourt consideration of effects of soil
properties. Furthermore, it is demonstrated that no simple
linear conversion scheme can be employed to relate the
height of LNAPL in a monitoring well to the LNAPL
volume in porous media. Effects of grain-size distribution
and well LNAPL thickness on the ratio of actual LNAPL
thickness in the aquifer to well LNAPL thickness are shown.

- INTRODUCTION

Surface spills of hydrocarbons and leakage
from underground storage tanks are a widespread
source of ground-water contamination. Low-density
nonaqueous phase liquids (LNAPL) may accumu-
late above the water-saturated zone and serve as a
source of soluble and volatile constituents that can
be transported from the contaminated area in the
aqueous and gaseous phases, respectively. The dis-
tribution of LNAPL in the subsurface will be a'
function of LNAPL, water and air pressures, and
the pore-size distribution of the porous medium.
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At equilibrium, abrupt-changes in fluid contents

~ with elevation do not generally occur except in

porous media with very uniform pore-size distribu-
tions or in layered porous media with contrasting -
pore-size distributions. Thus, oil-saturated “pan-

* cakes”” do not develop in the vast majority of soils

and aquifers. Immediately above the water-saturated
zone, the soil will contain variable saturations of
LNAPL and water. Unfortunately, the use of uni-
form grain-size materials in many published labora-
tory air-oil-water flow experiments has contributed
to the misconception about the development of an
“oil pancake.”

To assess the volume of a spill and to design
and monitor recovery operations, observation wells
are commonly installed in which LNAPL thickness
is measured. Interpretation of LNAPL thickness
data from observation wells, however, presents a
number of difficulties. It is well-known that actual
hydrocarbon volume per unit surface area (‘‘*hydro-
carbon specific volume”) is less than the LNAPL
thickness in a well (van Dam, 1967). de Pastrovich
et al. (1979) proposed that the measured LNAPL
thickness in monitoring wells (“well product thick-
ness”’) is approximately four times the thickness of
the soil zone in which free hydrocarbon is observ-
able (“soil hydrocarbon thickness”). They obtained
this ratio via a very simplistic force balance subject
to a number of simplifying assumptions.

Hall et al. (1984) investigated the relatlonshlp
between oil thickness in porous media to the thick-
ness of oil in an observation well by adding oil
incrementally to sandy porous media packed in
large laboratory scale boxes. Coarse-, medium-, and
fine-textured sands were employed. The water
pressure distribution in the sands prior to oil addi-
tion corresponded to main drainage air-water satu-
ration-capillary pressure relations. After addition
of a critical oil volume which increased as soil grain
size diminished, a 1:1 relationship between soil
hydrocarbon thickness and well hydrocarbon
thickness was observed. Their observations did not
agree with the relationship developed by de
Pastrovich et al. (1979). Consequently, Hall et al.
(1984) oroposed that hvdrocarbon thickness in




soils be estimated from well hydrocarbon thickness
after applying a porous media dependent correc-
tion factor. They did not, however, propose a
technique to evaluate the correction factor from
basic soil properties.

In another laboratory investigation of the
relationship between soil and well-hydrocarbon
thickness, Hampton and Miller (1988) found the
relationships proposed by de Pastrovich et al.
(1979) and Hall et al. (1984) to be inadequate for
describing their experimental observations. Hampton
and Miller further questioned the relevance of esti-
mating soil hydrocarbon thickness since it does not
translate directly to hydrocarbon specific volume
which is the quantity of more fundamental interest.

To estimate hydrocarbon specific volume,
water and hydrocarbon saturation distributions in
the soil must be known. For an air-hydrocarbon-
water fluid system in water-wet porous media,
water saturation depends on the capillary pressure
betwcen water and hydrocarbon phases, and total
liquid saturation depends on the capillary pressure
between hydrocarbon and gas phases. Fluid satura-
tion distributions, therefore, will be controlled by
saturation-capillary pressure relations of the soil
which in turn depend on the pore-size distribution.
If fluid pressure distributions can be inferred from
well fluid levels, and three-phase saturation-capillary
pressure relations for the soil are known, fluid satu-
ration distributions can be predicted and integrated
to determine the corresponding hydrocarbon
specific volume.

Our purpose in this paper is to present a

‘ physically based methodology for estimating verti- -
cal hydrocarbon distribution and hydrocarbon
specific volume from observation well fluid levels.
Procedures for practical implementation of the
methodology will be presented and results will be
given to demonstrate effects of grain-size distribu-
tion and well LNAPL thickness on the ratio of
hydrocarbon specific volume to well LNAPL thick-
ness.

VERTICAL EQUILIBRIUM"
PRESSURE DISTRIBUTION
We consider the situation in which liquid
velocities in the vertical direction may be assumed

small relative to those in the horizontal. More -

specifically, we assume that vertical pressure distri-
butions approximate hydrostatic conditions and
that local equilibrium exists within fluids in the
well and adjacent porous media. The vertical equi-
librium assumption may be exactly stated as

dYw/0z=0 (1a)

g

I]

where z is elevation, and ¢, and ¢, are piezometric
heads of water and oil defined by

dVo/dz =0 (1b)

(2a)
(2b)

where o, is the oil specific gravity (ratio of oil to
water density), and hy, and'h, are water height- D
equivalent pressure heads of water and oil phases

given by

Yw =hy +2

Yo =ho +pr0z .

hy = Pw/gpw
ho =Po/gpw

where Py, and P, are water and oil phase pressures, U

g is gravitational acceleration, and py, is the

reference density of water. (See Appendix for

summary of notation.) : D |
To relate the vertical pressure distributions to '

well fluid levels, we introduce the concept of fluid

~ “table” elevations. Consider a system containing air, D

water, and LNAPL in which a screened well and a
piezometer are installed (Figure 1). An oil lens is
observed in the screened well which can be charac-
terized by the air-oil table elevation, z,,, at which

the gauge oil pressure is zero, and the oil-water

table elevation, z oy, at which elevation water and D
oil pressures are equal. From the piezometer tube
which extends below the oil-water interface we

may also defin¢ an air-water table elevation, z,y,, j
where the gauge water pressure is zero. Employing
these fiuid table elevation definitions, integration
of (1) and (2) yields ]
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Fig. 1. Definition of fluid levels in monitoring wells.




hy =z, — 2 - (49)

ho =010 (220 — 2) (4b)‘

which upon manipulation yields an expression
relating the various table elevations by

Zaw = (1 = pro)Zow * Pro Zaov " (5)

From (4) and (5), it can be seen that stipulation of
any two of the three fluid table elevations com-
pletely defines air-oil-water static vertical head dis-
tributions: hence, installation of a pxezometer tube
is not required.

Since fluid saturations will depend directly on
pressure differences between phases as will be dis-
cussed in derail in the following section, it is
desirable to introduce capillary heads defined by

hao = ha - ho (6a)
how =hg — hw (6b)

where hy, and hc; are as previously defined, and h,
is the gas phase head which we assume to be zero
(i.e., atmospheric pressure). From (4)-(6), expres-
sions for hyo and hoyw as functions of elevatlon
may be obtained via

hao = pro(z = Z30) (7a)
1'low =(1- pro)(z - Zow) (7b)

which indicates that the ij-phase capillary head
depends only on the elevation relative to the
ij-phase table (i,) = a,0,w).

THREE-PHASE SATURATION-PRESSURE
RELATIONS
Parametric Representation
To describe vertical fluid saturation distribu-

tions, relationships between fluid pressures (P) and
saturations (S) must be known. We obtain these by
assuming after Leverett (1941) and Corey et al.
(1956) that water and total liquid saturations in a-
water-wet air-oil-water system will be independent
functions of oil-water and air-oil capillary heads,
respectively, and furthermore that the functions
may be scaled by relations of the form proposed
by Parker et al. (1987)

§w(ﬁow how) = S*(h*) (8a)
St(Bao hao) = S*(h*) (8b)

where Bow and By, are fluid-pair dependent scaling
factors, and effective water and total liquid satura-
tions are defined, respectively, by

Sw=aF—"o— (92)

§ =W 120 Sm (9b)

in which Sy, and S, are actual water and oil satura-
tions, and Sy, is a' minimum or “irreducible”
wetting phase saturation. Taking the reference for
scaling as the uncontaminated two-phase air-water
system, the scaled function S*(h*) is given by

S*(h*) = SwP™" (hyw) (10)
where S, P""*" denotes the effective saturation of
water in a pristine air-water system, and
haw = h, ~ hy is the air-water capillary head.

The scaling coefficients §,0 and Bow in (8)
may be estimated from air-oil and oil-water inter-
facial tension data (Lenhard and Parker, 1987) as

Bao = Oaw /030 (11a)
Bow = Taw /Tow (11b)

where 0, is the surface tension of uncontaminated
water; 0,4 is the surface tension of the hydro-
carbon; and o4y is the interfacial tension between
water and hydrocarbon. In the event that soluble
hydrocarbon components have a negligible effect
on the surface tension of water, then
010 + Oow = Oayw implying

1/820 + 1/8ow =1 - Q12)

Reasonable estimates of 85, and By for gasolines
obtained from interfacial tension data (Weiss,
1980) are 3.2 + 0.2 and 1.45 £ 0.05, respectively.
Note that these values are consistent with (12).
Given a suitable expression for S*(h*),
employing (7) in (8) enables determination of
vertical saturation distributions. In previous studies
(Lenhard and Parker, 1988; Lenhard et al., 1988a)
we have found that the parametric model of
van Genuchten (1980) provides an accurate
description of two- and three-phase S-P relations.
The function has the form

S*(h*).= [1 + (ah*)" ™ h*>0 (13a)

S*(h*)=1 h*<0 (13b)
where a,n,and m=1- 1/n are van Genuchten
(VG) model parameters. An alternative model that
has been used widely to describe S-P relations is

that of Brooks and Corey (1966) which has the
scaled form

S*(h*) = (hd/h*)}‘ h* > hq (14a)
S*(h*) =1 h*<hq  (14b)

where hq and A are Brooks-Corey (BC) model
parameters.




Estimation of Equilibrium Retention Parameters
A variety of methods may be employed to
measure equilibrium water retention behavior in
the laboratory. The procedures are, however,
rather time-consuming and unfamiliar to many
commercial laboratories. A simple alternative
approach to model calibration which may be’
adopted with some concomitant loss of accuracy
involves estimation of hydraulic properties from
readily available grain-size distribution data. Mishra
et al. (1988) proposed a method based on a
modified form of the Arya and Paris (1981) model
to convert grain-size distribution data to an equiva-
lent soil-water retention function which is then -
fitted to the VG model. To demonstrate effects of
grain-size distribution on hydrocarbon distribu=
tions and hydrocarbon specific volume, we employ
the method of Mishra ez al. (1988) to determine
VG parameters for two hypothetical soils with
grain-size distributions illustrated in Figure 2. Both
soils have median grain diameters of 0.2 mm with
Soil 1 exhibiting a narrow grain-size distribution
- and Soil 2 a broader distribution. Whereas the soils
have identical media grain diameters, the mean
grain diameter for Soil 1 is 0.33 mm and that for
Soil 2 is 1.48 mm. :
Equilibrium VG retention parameters were
computed with the interactive program SOILPROP
(information concerning SOILPROP is available
upon request) described by Mishra et al. (1988).
From input grain-size distribution data, SOILPROP
‘delineates 100 particle-size classes and assigns a
pore volume, volumetric water content (i.e.,
volume of water/volume of soil) and representative
pore radius to each class. From the pore radii,
corresponding capillary heads are computed. The
resulting volumetric water content-capillary head
data are fit to (13) by nonlinear least-squares
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Fig. 2. Particle-size distributions of the hypotheticai soils.

Table 1. van Genuchten and Brooks-Corey Vodel
Parameters and Fluid Properties

van Genuchten Brooks-Corey
a n Sm hg A - Sm

qu.{ilibrium Model Parameters:

Soil1 0.025 2.297 0.0 25.22 0917 0.0
Soil2 0.126 1.281 0.0 6.35 0.269 0.0
Quasi-Static Model Parameters:

Soil1 0.027 .2.434 0.13 23,58 0.992 0.13
Soil2 0.185 1.645 0.58 345 0.535 0.58
Porosity, ¢ 0.43
Density ratio, pro 0.73
Oil-water scaling factor, fow 1.45
Air-oil scaling factor, ;4 3.20

regression to estimate the VG parametersa and n
and irreducible water saturation, Sp,. Soil porosity
was assumed to be 0.43 for both soils. Calculated
equilibrium VG parameters for the soils are given
in Table 1.

~To convert VG parameters to ‘‘equivalent”’
BC model parameters, SOILPROP employs the
procedure of Lenhard et al. (1988b). The BC
parameter \ is determined by equating the dif-
ferential fluid saturation capacities, 3S/3h, of the

- VG and BC models at an effective wetting fluid

saturation of 0.5 which yields

A= (1 -0.51/m) (15)
1-m

The BC parameter hq is calculated by equating the
functions at a match-point effective wetting fluid
saturation as

hq =¢7! gxl/)\ (§x—1/m _ 1)1—m>

where Sy is the match-point effective saturation

given by

§,=072-035¢" . (17)

Equilibrium BC parameters corresponding to the
VG parameters computed in this fashion are listed
in Table 1 for both soils. o

Consideration of Vertical Nonequilibrium Effects
Since true equilibrium-conditions do not
generally occur in the field, fluid saturations may
differ from those predicted for ideal hydrostatic
conditions. As a first-order correction, we consider
effects of nonequilibrium water distributions
associated with gravity drainage conditions due to
redistribution of intermittent water additions at
the soil surface. It is well-known that under such
conditions, water within the wetted zone drains
rather quickly to a water content below which

(16)

T
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hydraulic conductivity is sufficiently small that
vertical fluid redistribution virtually ceases
although true equilibrium conditions have not'been
reached. This water content is commonly referred
to as “field capacity.” We refer to the resulting
fluid distribution above a fixed water table as
“qu351 static.” To investigate the nature of the
quasi-static distribution, transient vertical flow
simulations were carried out for 200-cm-long soil
columns initially near saturation and allowed to
drain to a water table at the lower boundary with
zero water flux at the upper surface. Equilibrium
van Genuchten retention function parameters for
the two soils were employed and the saturated
hydraulic conductivity, Ks, of both soils was

taken to be 170 cm d~! as predicted by SOILPROP.
After a period of six days, drainage rates had
reached low values with fluid saturations changing
less than 0.01 cm® cm™ d~!' which was deemed a
suitable point to define ““field capacity.” Simulated
water saturation distributions for the two soils at |
six days are shown in Figure 3 as solid symbols.

‘A simple means of representing the quasi-static
.water content distribution is to employ a hydro-
static pressure distribution and correct for devia-
tions by means of a fictitious saturation-capillary
pressure relationship. To evaluate this quasi-static
distribution, Sy, corresponds to the saturation at
which hydraulic conductivity, K, approaches some
specified small value. We choose the latter value to
be 0.05 cm d™! and compute the corresponding
water saturation by inversion of the VG
conductivity function

K=K S 2[1-(1-5,/™™]*  (18)
Assuming true equilibrium conditions still occur
near the water table, we refit VG model parameters
to a subset of the equilibrium retention function
for corrected effective saturations, .
Sw = (Sw — Sm')/(1 = Sp,'), exceeding 0.5. The
resulting quasi-static VG retention function
parameters obtained in this fashion using an option
in SOILPROP are given in Table 1 along with ‘
equivalent BC parameters obtained as described
previously. Vertical saturation distributions pre-
dicted by the quasi-static VG parameters for
equilibrium head distributions show reasonable
correspondence with saturation profiles obtained
in the dynamic simulations while true equilibrium
parameters significantly underestimate water
saturation (Figure 3). Accordingly, we will
subsequently utilize quasi-static parameters as an
expedient means of accommodating effects of
vertical nonequilibrium in pred1ct1ng three-phase
fluid distributions.
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Fig. 3. Comparison of water distributions predicted by quasi-
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Genuchten retention parameters to those obtained from
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VERTICAL FLUID SATURATION
DISTRIBUTIONS
Vertical distributions of water and total liquid
saturations were computed for both soil materials
assuming depths to oil and water in an observation
well of 1 and 2 m, respectively, using the

van Genuchten and Brooks-Corey models. Fluid
nronerriec fvnn'a] nf daenlina sviravra aceirrmad (Tn"\'n

—




1). Fluid distributions corresponding to quasi-static
parameters are shown in Figure 4. Different fluid
distributions are predicted for the two soils with
more oil at lower elevations for the soil with the
wider grain-size distribution (i.e., Soil 2). Corre-
spondence between the VG and BC models is
generally favorable for both soils except at low
elevations especially for Soil 1 which has a higher
air entry capillary head, hq.

Soil hydrocarbon thickness, Dy, can be calcu-
lated from (7) and (8) as the depth over which
So > 0 which leads to

- Pro Bao Ho
B30 Pro — Bow(1 - Pro)

Do (19)
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Fig. 4. Predicted water and total liquid distributions using
van Genuchten and Brooks-Corey models assuming quasi-
etatie ennditinne far (a) Qail 1 and (b) Qail 2.

where Hy = 2,5 — zZow is the well hvdrocarbon
thickness. Note that input parameters required for
(19) are oil and warter densities, air-water, air-oil
and oil-water interfacial tensions, and observed
air-oil and oil-water fluid levels in the monitoring
well. These quantities can either be measured
directly in the field or can be determined readily
in the laboratory with a high degree of accuracy
and precision. Equation (19) is strictly valid only
for the VG model which has finite Sy as z - zgy,
from above. For the BC model, a well-defined oil-
water capillary fringe (discussed in detail later) is
predicted which may be subtracted from the right-
hand side of (19). Using the parameters listed in
Table 1 and a well hydrocarbon thickness, Hy, of
100 cm gives Do = 120 cm. This thickness would
be reduced by the oil-water capillary fringe thick-
ness of approximatelv 65 cm for Soil 1 and 16 ¢cm
for Soil 2 for the BC model. Since S, is quite
variable over the oil-bearing zone and differs for
the two soils (Figure 4), it is apparent that D,
provides no direct information concerning LNAPL
volume in the soil.

RELATION BETWEEN WELL HYDROCARBON
THICKNESS AND SPECIFIC VOLUME
Basic Relationships
The LNAPL volume in the soil per unit area
in the horizontal plane (hydrocarbon specific
volume) is given by

Zy
Vo= [ ¢S,dz (20)
Zow
where z,, is the elevation of the soil surface,
Zow is the oil-water table elevation, below which
free oil cannot occur under the assumed vertical
equilibrium conditions, and ¢ is the porosity of the
soil.
For the VG model, employing (7), (8), and
(13) to define S,(z) leads to an integral expression
for V, which cannot be solved in closed form. Here,
we employ a simple numerical quadrature scheme
to evaluate V, for the VG model. For the BC
model, it is convenient to recast (20) in the form

r
Vo=0¢ [ [1-Su(2)]dz+

Zfow
Zy Zy
¢>Ff St(Z)dz—¢Ff Sw(z)dz (21)

where zgw is the elevation below which complete
water saturation occurs (upper boundary of oil-
water capillary fringe), and T is the minimum of
7¢-~ or 7.. where 7¢.~ is the elevation below which
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complete liquid saturation occurs (upper boundary
of air-oil capillary fringe). The functional relation-
ships between fluid saturations and elevations,
Sw(z)and S¢(z), can be determined via (7) and (8).
For the BC model, the elevations of the
water-saturated zone or upper boundary of the
oil-water capillary fringe, z¢ow, and total liquid-
saturated zone or upper boundary of the
air-oil capillary fringe, z,o, are given by

h .
Ztow = Zow +———— (222)
(1 - pro) Bow
h4
Zfag = Za0 + (22b)
Pro Bao

Integration of (21) using the BC model for Sy, (z)
and S¢(z) for zgo > 2z, yields

¢<1—Sm) ¢(1_Sm)
Vo =————(A-B)- —
1- 00 ( ) (1_pro)(1'?\)

B al™r - BTNy (23a)

and for zge < zy, we obtain

¢(1-Spm) ¢(1 - Sm)
V, = "M c_ By~ .
T A T Yy y
BMN(CIN = BlmA +gS_rn(D_EH¢><1— Sm) _
Pro o1 =1)
Ex(Dl—)\—El')\)-_(_p.sl(A_C)
T Pro

" (23b)

A 41-A 1-A
- B (A ~-C
(1 =21 - pro) 8 : )

where A = (1 = pro)(Zu ~ Zow); B = hd/Bow;
C = (1~ pro)(Zao = Zow + hd/Bao pro):
D = pro(2Zy = Za0); and E = hq/f50.

Remediation of LNAPL in the subsurface
entails extracting as much LNAPL as possible via
hydraulic means followed by secondary recovery

of residual LNAPL. During the secondary recovery

stage, long-term water pumpage and/or gas venting
may be employed with or without bioreclamation
practices to remove dissolved and/or gaseous
LNAPL components. Accurate estimates of the
LNAPL spill or leak volume is crucial to the design
of an efficient remedial operation.

Table 2 compares predicted LNAPL specific
volumes as a function of well hydrocarbon thick-
ness for the two hypothetical soils using method-
ology proposed in this paper and methods of Hall
et al. (1984) and de Pastrovich et al. (1979). To
estimate the hydrocarbon specific volume corre-
sponding to stipulated well hydrocarbon thicknesses
using our proposed method, the quasi-static model
parameters (Table 1) were employed in (20).
Hydrocarbon specific volumes were estimated by
the methods of Hall et al. and de Pastrovich et al.
as the product of LNAPL soil thickness and soil
effective porosity [i.e., ¢ (1 — Sp,)] which accounts
for an “irreducible’” water saturation. For the
method of Hall et al., soil LNAPL thickness is
calculated by subtracting a formation factor, which
accounts for capillary fringe effects estimated from
median grain size, from well hydrocarbon thick-
nesses. According to Hall ez al., both of the hypo-
thetical soils (i.e., median grain size of 0.2 mm) are
classified as fine sands for which the formation
factor is 12.5 cm. For the method of de Pastrovich

Table 2. Predicted LNAPL Specific Volumes from Well Hydrocarbon Thicknesses

————————— Predicted LNAPL specific volumes (cm®> cm™®) — — — — — — — — —

Well bydrocarbon Hall et al. Pastrovich et al. Lenbard and Parker
thickness (cm) BC ' VG
Soil 1
30 6.5 2.8 0 g 0.2
60 17.8 5.6 S 0.3 1.6
100 32.7 9.4 5.7 6.7
150 51.4 14.0 : , 16.7 17.2
200 70.1 18.7 30.0 30.3
250 i 88.8 23.4 59.7 60.7
Soil 2 : i
30 ' 3.2 1.4 ‘ 1.5 - 1.5
60 : 8.6 2.7 : 4.8 4.7
100 15.8 4.5 . 100 9.9
150 24.8 6.8 17.0 ' . 17.0
200 ' 33.9 9.0 © 244 24.5
250 429 11.3 - 39.7 40.0




et al., soil LNAPL thickness is estimated to be
one-fourth the well hydrocarbon thickness. Multi-
plying soil LNAPL thickness by the effective
porosity presumes the common misconception that
water saturations in the contaminated LNAPL
zone are equal to a residual or “‘irreducible” water
content and the remaining pores are filled with oil
(i.e., “oil pancake’).

Since neither the Hall et al. or de Pastrovich
et al. methods account for changes in pore-size
distributions, they both predict identical soil
LNAPL thicknesses for Soils 1 and 2 (Table 2)
and the difference in hydrocarbon specific
volumes for the two soils is due to differences in
the ““irreducible” water saturation. The method of
Hall et al. generally estimates considerably larger
hydrocarbon specific volumes for both soils than
either the proposed method or that of de Pastrovich
et al. for a given well hydrocarbon thickness. The
method of de Pastrovich et al., however, predicts
larger hydrocarbon specific volumes than the
proposed method for small well LNAPL thick-
nesses and smaller specific volumes for large well
hydrocarbon thicknesses for Soil 1. For Soil 2,
the method of de Pastrovich et a/. estimates smaller
hydrocarbon specific volumes than the proposed
method. Agreement between predicted hydro-
carbon volumes for methods of Hall et al. and
de Pastrovich et al. is poor. Considering the
importance of soil pore-size distribution in con-
trolling the vertical distribution of fluids, attempt-
ing to predict LNAPL volumes without accounting
for these effects may be expected to yield poor
results. Furthermore, multiplying the true soil
LNAPL thickness by an assumed effective porosity
(i.e., volume of voids not filled with water) will
yield overestimates of LNAPL specific volume
since water saturation above the water-saturated
capillary fringe will actually decrease more or less
gradually with elevation. The change in water
saturation with elevation is a function of soil pore-
size distribution and oil-water capillary head. Water
saturations will only approach a step-like function
if the soil pores are very uniform in size. The
popular notion of predicting LNAPL specific
" volume from soil LNAPL thickness assuming step-
- function fluid distributions—*‘oil pancakes’—is
unfounded theoretically and doomed to yield poor
results. ‘

To further evaluate the problem of estimating
" hydrocarbon specific volume from well hydrocarbon
thickness, it is expedient to introduce a parameter
which we will refer to as the LNAPL reduction
factor defined by

R=Vy/Hp (24)

BC models agree very favorably for large Hy. At

which permits conversion from observation well 5

" LNAPL thickness to LNAPL specific volume.

Effects of soil type and well LNAPL thickness on D
R were analyzed by determining R (H,) for the two
soils previously discussed over a range of H,
typically encountered in the field. The results are D
shown in Figure 5 for quasi-static conditions using
both the VG and BC models. Note that R varies
markedly with H, and in a highly nonlinear manner D
which is very soil-specific, clearly indicating that
simple conversion schemes to relate well LNAPL
thickness to total LNAPL volume in porous media
are doomed to fail miserably. D

It may be shown that in the limit as H,
becomes very large, R -~ ¢ (1 - Sy,). For the quasi-
static fluid distribution of Soil 2 (Figure 5), R is B
already approaching its limiting value [i.e.,
¢(1 - Sy) =0.18] at Hy = 2 m. The rate of change
of R with respect to H, is dependent on the slope D
of the water-saturation curve with respect to eleva-
tion. As Sy, approaches Sy, the change in R with
respect to H, will be small and will approach
¢ (1 — Spn). The principal cause for nonuniform R is
the variable water saturation within the LNAPL :
contaminated zone which depends on'the pore-size [
distribution of the soil.

Calculated values of R using both the VG and

lower H,, there is a significant disparity in predicted

Fig. 5. Relationship between the total LNAPL reduction -
factor, R, as determined via the van Genuchten and Brooks-
Corey models and LNAPL thickness in observation wells, Hg,
for quasi-static fluid distributions.
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values which may be attributed to the assumption
of a distinct nonwetting entry capillary head in the
BC model. Note that the difference in predicted R
between the VG and BC models at a given H, is
less for Soil 2 which has a lower air entry capillary
head, hq. Also notice that the curves describing

R (H,) using the BC model intersects the x-axis
at some Hy, > 0, whereas R calculated using the
VG model approaches zero as H, approaches zero.
This occurs because for the BC model to predict
Vo > 0, the following condition must be met

hq [530 Pro — Bow (1 — Prd)]
Bow (1 = pro) Bao Pro'

which can be derived from (8) and (14) by
equating Sy, and S.

H, >

- (25)

~ Other Complicating Factors

Although we have explicitly considered only
homogeneous porous media, the foregoing
methodology of calculating oil volumes in soils
from observations of fluid levels in monitoring
wells can be applied also to layered media. In this
case, integration of (20) would simply need to take
into account variations in soil properties with
elevation. Such an analysis is straightforward in
principle but may be thwarted in practice by
incomplete knowledge of spatial variation in soil
properties. As a result of soil heterogeneity, R (H,)
may exhibit discontinuities and other complex
behavior. :

In addition to being adaptable to heteroge-
neous media, the methodology described above
also can be refined to consider effects of non-
unique S-P relations. It has long been known that
the direction of fluid saturation changes has a sig-'
nificant effect on hydrostatic fluid distributions.
This phenomenon is commonly referred to as
hysteresis. Kool and Parker (1987) found that
main drainage and main imbibition S-P relations
can be described reasonably well with the VG
model using the same value of n for both curves
and with « for the imbibition branch, «{, equal to

_twice the value of « for the main drainage branch,
ad. Thus, a first approximation of the effects of
the effects of hysteresis on hydrocarbon distribu-
tion may be made by suitable adjustment of the
value of « used for computing saturation distribu-
tions.

Let us assume that the quasi-static parameters
employed previously represent main drainage rela-
tions (i.e., a = ag), and that the previous field
scenarios correspond accordingly to conditions of
decreasing water and total liquid saturation paths
(e.g., falling water table). Consider now the case of

water and total liquid both on imbibition paths
(e.g., rising water table), for which we use a; = 2a4
in the expressions for Sy, and S;. For the corre-
sponding BC analysis, we employ new values of hy
for the imbibition path obtained by conversion of
VG parameters in the same manner as before. For
Soil 1 with a well LNAPL thickness, Hy, of 1 m,
the falling water-table scenario yields total LNAPL
specific volumes, V, of 6.7 cm for the VG model
and 5.7 cm for the BC model. For the rising water-
table scenario with the same H,, we obtain

Vo = 15.2 cm for the VG model and 15.0 cm for
the BC analysis. Thus, for the same soil and the
same well fluid levels, imbibition relations lead to .
estimates of LNAPL volume which are more than
twice those obtained using drainage relations. As a
result, hysteresis will be evident in R(H,), further
complicating the interpretation of observation well
data. : .

The foregoing analysis of hysteretic effects on
predicted LNAPL volumes is rudimentary since we
have not considered effects of residual LNAPL
caused by slow approach to vertical equilibrium or
to nonwetting fluid entrapment. During periods of
rising water tables, significant volumes of hydro-
carbon may become trapped within the continuous
water phase (Lenhard et al,, 1988c¢). This hydro-
carbon, being hydraulically discontinuous, will
have no effect on well fluid levels. During periods
of falling water tables, trapped LNAPL may
become remobilized leading to increases in well
LNAPL thickness. In principle, these effects may
be accommodated by incorporation of appropriate
descriptions of fluid entrapment in the three-phase
S-P relations, but in practice, difficulties will arise
owing to uncertainty in saturation histories of the

system.

SUMMARY AND CONCLUSIONS

A procedure has been described for estimating
hydrocarbon volume per surface area of aquifer in
porous media from measured fluid levels in observa-
tion wells. The well fluid levels are assumed to be
in equilibrium with the fluid distributions within
the surrounding porous medium. Hydrocarbon and
water saturation profiles are predicted via three-

~ phase versions of the Brooks-Corey and van

Genuchten models after converting fluid levels in
observation wells to air-oil-water vertical head dis-
tributions with assuming vertical equilibrium '
pressure distributions. Integration of the oil satura-
tion profile yields the hydrocarbon volume corre-
sponding to specified fluid levels. Knowledge of
air-water saturation-pressure relations, hydro-
carbon density, and hydrocarbon surface tension is




required to predict vertical three-phase fluid dis-
tributions. Procedures are discussed for estimating
air-water saturation-pressure relations from grain-
size distribution data. :

Effects of grain-size distribution on hydro-
carbon distributions and volumes are investigated.
Whereas the distance above the oil-water table at
which oil saturations become zero may be inde-
pendent of soil type, estimated LNAPL volumes in
different soils will vary substantially. Estimates of
LNAPL volume cannot be inferred directly from
soil LNAPL thickness or well LNAPL thickness
data without consideration of effects of soil
properties.

The relationship between well LNAPL thick-
ness and LNAPL reduction factor, which is the
ratio of LNAPL specific volume in the porous
medium to LNAPL thickness in a well, was studied.
The results reveal that no simple linear conver-
sion scheme can be employed to relate the height
of LNAPL in an observation well to a LNAPL
volume in porous media. LNAPL reduction factors
resulting from the Brooks-Corey and van Genuchten

“models agree favorably for larger well LNAPL
thicknesses. There are disparities in predicted
LNAPL reduction factors from the Brooks-Corey
and van Genuchten models for smaller well LNAPL
thicknesses which is attributable to the assumption
of a distinct nonwetting entry pressure head in the
Brooks-Corey model. Consideration of possible
effects of hysteresis in saturation-pressure relations
indicates that these may be substantial. Uncertainty
in whether drainage or imbibition relations pertain
can lead ro large differences in predicted hydro-
carbon specific volumes.

Finally, we note that the analysis presented
here is predicated on the assumption that soil and
well fluids are locally in equilibrium with each
other. Highly transient flow conditions associated
with rapid warer-table fluctuations or to bailing of
well fluids could ‘invalidate this assumption in
certain circumstances. Effects of such nonequilib-

‘rium.conditions should be further assessed in the
future:

APPENDIX
greatest elevation at which oil saturation
is nonzero;

>
o
1]

gravitational acceleration;

oq
]

water-height equivalent pressure head of
- fluid j (i.e., Pj/owg);

fluid i, caplllary head (i.e., hjj = hj — hy)
where fluid i is the nonwetting fluid and
fluid i is the wetting fluid;

)
I

=
il

H,

1 m m B

»n

m

S*(h*)
VO »

Zfao

Zfow

-

thickness of hydrocarbon in monitoring
well at equilibrium (well hydrocarbon
thickness);

parameter in the Brooks-Corey (1966)
model function termed the air entry
capillary head;

fluid hydraulic conductmty at a given
fluid contents;

saturated water hydraulic conductivity;

van Genuchten model parameter;
m=1-(1/n);

van Genuchten model parameter;
pressure of fluid j;

total LNAPL reduction factor;
actual saturation of fluid j;
effective saturation of fluid j;

minimum or ‘‘irreducible” actual wetting
phase saturation;

scaled saturation-pressure function;

total LNAPL volume per surface area of
soil or aquifer (hydrocarbon specific
volume);

elevation;

elevation of soil surface with respect to
a datum below or equal to zgy ;

elevation where water pressure is zero;

elevation where LNAPL pressure is zero;

elevation where LNAPL and water
pressures are equal;

elevation below which the pdroué
medium is completely liquid saturated
according to the Brooks-Corey model;

-

elevation below which the porous
medium is completely water saturated
according to the Brooks-Corey model;

van Genuchten model parameter;
air-oil scaling factor;

oil-water scaling factor;
minimum of zg, or Zy;
Brooks-Corey model parameter;
density of fluid j; .

oil specific gravity (i.e., ration of oil to
water density);

_E:]CHE:][::I

interfacial tension between fluids i and j;

::!

porosity;




Jj = piezometric head of fluid j;and

subscripts a, o, w refer to air, hydrocarbon, and
water phases, respectively..
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PURPOSE

1.

SCOPE

THIS PROCEDURE PROVIDES A GUIDELINE FOR THE PERFORMANCE OF
EXCAVATION TASKS, AND THE HANDLING OF SOIL IN COMPLIANCE WITH
ALL OSHA AND ENVIRONMENTAL REGULATIONS CURRENTLY IN EFFECT.

ANY EXCAVATION, UNDERGROUND REPAIR, OR CONSTRUCTION WORK MUST
CONFORM TO ALL APPLICABLE PLANT REGULATIONS, AND MUST BE
PERFORMED AS OUTLINED IN THIS PROCEDURE.,

ALL EXCAVATIONS MUST COMPLY WITH OSHA STANDARD 1926, SUBPART P.

SOIL CONDITION AND DISPOSAL METHOD SHALL BE DETERMINED BY THE
ENVIRONMENTAL DEPARTMENT.

. DEFINITIONS

1.

5.

BENCHING - A METHOD OF PROTECTING EMPLOYEES FROM CAVE-INS BY
EXCAVATING THE SIDES OF AN EXCAVATION TO FORM ONE OR A SERIES
OF STEPS, USUALLY WITH NEAR VERTICAL SURFACES BETWEEN LEVELS,

CAVE~IN - THE SEPARATION OF EARTH FROM THE SIDE OF AN
EXCAVATION, BEITHER BY FALLING OR SLIDING, IN SUFFICIENT
QUANTITY SO THAT IT COULD ENTRAP, BURY, OR OTHERWISE INJURE OR
IMMOBILIZE A PERSON. o

EXCAVATION - A MAN MADE CUT, TRENCH, CAVITY, OR DEPRESSION IN
THE EARTH SURFACE, FORMED BY THE REMOVAL OF EARTH.

SHORING - A STRUCTURE SUCH AS A METAL, MECHANICAL, TIMBER -
SYSTEM THAT SUPPORTS THE SIDES OF AN EXCAVATICN AND IS DESIGNED
TO PREVENT CAVE~INS.

 SLOPING - A METHOD OF PROTECTING EMPLOYEES FROM CAVE-INS BY
- FORMING THE SIDES IN AN INCLINED MANNER.

SAFETY & HEALTH

1.

PROPER PROTECTIO& OF INVOLVED EMPLOYEES, SURROUNDING EMPLOYEES,
AND THE ADJACENT COMMUNITY MUST BE ENSURED PRIOR TC THE START
OF AN EXCAVATIGN, AND THROUGHOUT ITS DURATION,

ENVIRONMENTAL IMPACT

1-

ALL SOIL REMOVED FRCM THE GROUND MUST BE HANDLED AS HAZARDOUS
WASTE UNLESS DETERMINED OTHERWISE BY THE ENVIRONMENTAL
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2.

DEPARTMENT .

NO HAZARDOUS WASTE SOIL MAY BE PLACED ON THE GROUND, ONCE
REMOVED FROM THE EXCAVATION, IT MUST BE PLACED IN THE

- APPROPRIATE CONTAINERS FOR DISPOSAL.

PROCEDURE

1.

[O- I
-

ALL HAZARDOUS WASTE MUST BE DISPOSED OF AS DIRECTED BY THE
ENVIRONMENTAL DEPARTMENT., THIS MATERIAL MAY VOT BE REUSED TO
BACKFILL THE EXCAVATION.

ZFFORTS SHOULD BE MADE TC MINIMIZE THE AMOUNT OF WATER IN THE
CONTAINERS. FREE WATER IS NOT ALLOWED IN THE LANDFILL AND
TREATMENT IS REQUIRED AT AN ADDITIONAL COST, WATER ALSO ADDS TO
THE TOTAL WEIGHT WHICH ALSO INCREASES DISPOSAL COS?.

MAINTENANCE FOREMAN OR ENGINEER IN CHARGE OF THE JOB SHALL FILL
QUT EXCAVATICON PERMIT AND OBTAIN APFROVALS PER PLANT PROCEDURE.

EQUIPMENT REQUIRED FOR SOIL DISPOSAL SHOULD BE LOCATED AT CR

~NEAR THE JOB SITE PRIOR TO THE INITIATION OF THE EXCAVATION.

EMPLOYEES PERFORMING WORK SHOULD BE INFORMED OF THE EXPECTED
CONDITION OF THE SOILS EXPOSED.

CONTAMINATED SOIL REMOVED FROM THE EXCAVATION MUST BE
TRANSFERRED IMMEDIATELY INTO A PLASTIC LINED DUMPSTER OR DRUMS
FOR DISPOSAL. USE OF AN INTERMEDIATE TRANSFER DUMPSTER CR TRUCK
IS PERMITTED PROVIDING THAT LEAKAGE IS NOT ALLOWED, CONTAINERS
SHOULD BE COVERED AT ALL TIMES WHEN WATER ENTRY IS POSSIBLE.

IF EVIDENCE OF AN ODOR OCCURS, STOP WORK AND HAVE THE AREA
TESTED BY ENVIRONMENTAL DEPT. FOR HAZARDQUS VAPORS. IF EXPOSURE
LIMITS ARE EXCEEDED, THEN THE ENVIRONMENTAL AND MAINTENANCE

- DEPT’S WILL DETERMINE THE BEST METHOD FOR CONTAINMENT BASED ON

THE CONDITIONS. REMEDIATION METHODS COULD INCLUDE, BUT ARE NOT
LIMITED TO, FLOODING WITH WATER, COVERING WITH SAND OR STONE,
LAYERING WITH PLASTIC, ETC.

ANY PERSON WHO ENTERS A CONTAMINATED OPENING MUST WEAR AS A

" MINIMUM, TYVEK SUITS, GLOVES, AND RUBBER BOOTS.

IF AN EXCAVATION EXCEEDS THREE(3) FEET IN DEPTH, AND ENTRY IS
REQUIRED, THEN SHORING OR SLOPING MUST BE UTILIZED. THE METHOD
USED SHOULD COMPLY WITH THE STANDARD DESIGNS FROM OSHA STD
1926, SUBPART P, APPENDIX A,B,C. IN ADDITION, A TANK ENTRY
PERMIT MUST BE OBTAINED PER PLANT ENTRY PERMIT PROCEDURES.






